Amorphous/nanocrystalline formation process of TiNi alloys induced by severe plastic deformation was studied by using molecular dynamics simulations. During the simulations of the extrusion process of TiNi specimens, we have observed nanocrystalline formation as well as amorphous formation. The relation between the area reduction by extrusion and the volume fraction of the amorphous phases has been calculated and agrees with the experimental observations. We have also observed the formation of arrays of edge dislocations or partial wedge disclinations prior to nanocrystalline formation.
Introduction
Severe plastic deformation (SPD) has become one of common and important tools to control the nanostructures of bulk metallic materials. Effect of nanostructure formation by SPD on various properties has been reported for a wide variety of materials ranging from conventional structural materials to functional alloys and intermetallic compounds, such as shape memory alloys, 1) thermoelectric materials 2) and magnetic materials. 3) Among them, TiNi-based shape memory alloys have been investigated most intensively. TiNi shows unique mechanical properties such as superelasticity and shape memory effect, and draws much attention as medical device materials. It is also reported that this materials are prone to undergo solid-state amorphization by various SPD processes, such as cold-rolling, 47) high-pressure torsion (HPT) 8) and cold drawing. 9) However, the detailed atomistic mechanism of nanocrystallization or amorphization induced by plastic deformation has not been clarified yet.
The molecular dynamics (MD) simulation is a very powerful tool to understand various types of phase changes and structural transformations from an atomistic point of view. So, in this study, we perform the MD simulations of severe plastic deformation processes and investigate the microstructural evolution in severely deformed materials in the atomistic level. As a target material, we choose the TiNi system. Recently, it was reported by Tsuchiya et al. 9) that partially amorphized TiNi wires prepared by severe cold drawing show superior mechanical properties and that the amorphous/nanocrystalline ratio in the wires can be controlled by the amount of area reduction of drawing. In the light of these results, we try to clarify the mechanism of amorphous/nanocrystalline formation in the TiNi alloys by severe plastic deformation by using the MD simulations for a simple model of binary alloys.
Simulation Methods

Interatomic potentials
For a model of the TiNi alloy system, we adopt a simple scheme suggested by Suzuki, 10) in which two characteristic features found for the equiatomic TiNi, that is, (i) a reversible martensitic transformation between the B2 phase and the martensite phase and (ii) a series of martensite phases with different structure, can be observed in the MD simulations.
11)
In the model, we assume the interaction between atoms i and j to be described by the 84 type Lennard-Jones potential 12) º ij as
where the parameters r 0 ij and e 0 ij are determined by fitting to the static properties of Ti, Ni and the B2 TiNi phases as r 0 TiTi = 1.0, r 0 NiNi = 0.85, r 0 TiNi = 0.88, e 0 TiTi = 1.0, e 0 NiNi = 0.90 and e 0 TiNi = 1.10. Note that we have slightly changed the interaction parameter r 0 TiNi from the original value so as to decrease the equilibrium phase transition temperature between the B2 phase and the martensite phases to 0.1, which is 20% of the melting temperature of the B2 phase and approximately corresponds to the room temperature, without changing the static properties of the TiNi system. We also introduce a fictitious atom X, of which the stiff "wall" and "wedge" used as extrusion devices are made. The interaction parameters of X to Ti and Ni atoms are determined as r 0 XX = 1.0, r 0 TiX = (r 0 TiTi + r 0 XX )/2, r 0 NiX = (r 0 NiNi + r 0 XX )/2, e 0 XX = 1.0 and e 0 NiX = e 0 TiX = 0.20. The atomic masses of all elements are set to be 1.0. Physical quantities are mainly expressed in the above units throughout this paper. Note that the unit of time becomes around 4.6 © 10 ¹13 s.
Simulation procedure
A schematic view of the simulation system is shown in Fig. 1 . The system consists of a B2 TiNi specimen sandwiched by the stiff "wall" and the stiff "wedges" both made from fcc crystals of the X atoms. We imposed a periodic boundary condition along the y-and z-directions, while we set a free boundary along the x-direction, which is the direction of extrusion. The size of the TiNi specimen was ranging from 6912 atoms (24 © 12 © 12 B2 unit cells) to 27648 atoms (24 © 48 © 12 cells) by changing the width d of the specimen along y-direction. The extrusion process was executed by the wall at the left-hand side moving along x-direction at a constant velocity v. As the wall moves, the specimen was forced to go through between the wedges separated with a distance "d less than the specimen width d. Thus we can take the area reduction 1 ¹ "d/d as an order parameter of deformation of the specimen in the extrusion process.
During the simulation, the Ti and Ni atoms can freely move according to the Newtonian equation, while the X atoms are fixed at the original positions except for the imposed wall motion along the x-direction. The average temperature of the TiNi specimen was kept to 0.1 (³ 300 K) by scaling the atomic momenta. The structural property of the extruded specimen was investigated by calculating the radial distribution and by analyzing the local symmetry of atomic configuration.
Results and Discussions
Structural evolution of extruded specimen
A typical time evolution of the extruded TiNi specimen is shown in Fig. 2 . The width of specimen d is 22.4 (³ 7.2 nm), the wedge distance "d is 0.5d and the extrusion velocity v is 4.5 © 10 ¹3 (³ 3.2 m/s). After the initial stage t < 1000, where the whole specimen is still in a crystalline phase but a few edge dislocations can be recognized, the extruded specimen evolves from a single crystal into an amorphous/nanocrystalline mixed state as shown in Figs. 2(c)2(h). Figure 3 shows a snapshot of an extruded specimen under a condition with 1 ¹ "d/d = 0.5 and v = 4.5 © 10
Formation of amorphous phase
¹3
. To estimate the fraction of amorphous phases formed in the specimens, we first calculated the radial distribution functions for selected regions of the specimen. The insets of Fig. 3 show the results calculated from the region I (top) and from the region II (bottom). The amorphous/crystalline nature can be recognized more clearly in the partial TiTi and NiNi pair distributions. Combined with the pair distributions, we have also checked the local symmetry around each atom to distinguish the amorphous phases from the crystal phase in the extruded specimens. Both from the experimental observations 13) and the simulations, 14, 15) the icosahedral short-range order was proved to be a key atomic structure in amorphous alloys. Therefore, we shall investigate the local atomic structure of extruded specimens with a special attention to the icosahedral symmetry. For this purpose, we used the Voronoi tessellation analysis, 14) in which the local symmetry of neighboring atoms around each atom is indexed by a set (n 3 , n 4 , n 5 , n 6 ,), where n i is the number of i-edged faces of the Voronoi cell or the Wigner-Seitz cell.
An atom centered at the icosahedral cluster is indexed as (0, 0, 12, 0), while atoms in the B2 structure are indexed as (0, 6, 0, 8). We can also identify deformed icosahedral clusters as well as deformed crystalline clusters by the Voronoi indices. 14) Thus we can judge where the amorphous phase forms and calculate the fraction x A of formed amorphous. For the extruded specimen depicted in Fig. 3 , we have estimated x A = 0.269.
Boundary effect
Due to the limited size of the simulation system, we can never get rid of the effect of boundary or size on the simulation results. Seeing from Figs. 2(a)2(h), the most deformed portion of the specimen during extrusion seem to be the regions making a direct contact to the wedges, that is, the top and the bottom fringes along y-direction. If the amorphization is just a sectional phenomenon localized at the fringes, the fraction x A of amorphous formation should show a strong dependence on the size d of specimen and x A would approaches to zero as d increases. So, to estimate the effect of size d on the amorphous formation, we have performed a series of the extrusion simulations with the different sizes d of the specimen while keeping the area reduction (1 ¹ "d/d) constant at 0.5. By changing d from 3.6 to 14.4 nm, we obtained the dependence of the fraction x A of the amorphous phases on the size d of the specimen as shown in Fig. 4 . For the thinnest specimen, we have got a fully amorphous sample mainly due to the surface effect. On the other hand, for thicker specimens, we obtained similar results for the order of amorphization irrespective of the thickness. Of course, the thickest specimen size 14.4 nm still remains within the range of the atomic scale and is too small to extrapolate the asymptotic behavior of the size dependence found in Fig. 4 to the bulk system handled in the experiments. So we need larger scale simulations to estimate both the boundary effect and the size effect more correctly. However, due to the restriction from the available computational power, we should content ourselves with the simulation for d = 7.2 nm specimens to get fairly reliable results in this study and postpone the larger scale simulations to a future study.
Effect of extrusion velocity
The amount of the amorphous phase in the extruded specimens might also depend on the velocity v of the motion of extrusion. We have also performed a series of the extrusion simulations with various velocity v with the fixed area reduction of 0.5 for the sample size d of 7.2 nm. By changing v from 32 to 0.32 m/s, we obtained the dependence of the fraction of amorphous phase on the velocity of extrusion as shown in Fig. 5 . We can recognize an asymptotic behavior in the velocity dependence for v¯3.2 m/s. Note that the lowest velocity (0.32 m/s) of extrusion achieved in the simulations is the same order as those of cold drawing experiments for TiNi wires. simulation as well as on the calculation conditions (periodic boundary condition, constant temperature, the shape of dies (anvils) and so on). Among them, the shape and the mechanical properties of the pressing tool, which is the sharp-shaped wedge with the "infinite" stiffness in this study, might significantly affect the simulation results. So we should perform another series of simulations with different conditions to check the universality in the relation between the area reduction and the amorphous formation, which is one of our future tasks.
Disclination
If we focus upon the early stage of the extrusion process, we can observe a formation of certain characteristic structures such as a partial wedge disclination, which was experimentally observed 16) as a precursor of nanocrystalline formation. As shown in Figs. 7(a)7(d) , once an edge dislocation is generated at the deformation front ( Fig. 7(a) ), then it rapidly moves along the y-direction to the center of the specimen (Figs. 7(b)7(d) ), because the strain energy around the edge dislocation can be more relaxed at the center than at the fringe. As the deformation progresses, this type of process was repeated and the edge dislocations stay in a line along the x-direction at the center of specimen, as schematically depicted in the upper part of Fig. 8 . As a result, we can find a rotational elastic distortion associated with a partial wedge disclination or a terminating tilt grain boundary in the middle of the specimen as shown in the bottom part of Fig. 8 , which can be observed at an early stage of the extrusion process with a condition 1 ¹ "d/ d = 0.5. At a later stage, a further accumulation of the edge dislocations seems to lead to an abrupt rotation of a nanosized section of the crystal, which would be a key motion to generate nanocrystalline phases. However, the structural change from disclination-like structure into nanocrystalline/ amorphous structure is so rapid that we cannot understand its atomistic mechanism clearly. So it is one of our future tasks.
Amorphous formation and icosahedral cluster
Unfortunately, we have not reached at a clear understanding of the mechanism of amorphous formation nor that of nanocrystalline formation, because the atomic motion during such transformations are so complicated to analyze systematically. Meanwhile, in some cases, a certain amount of accumulation of the edge dislocations seems to trigger an abrupt formation of atomistically disordered region and it leads to a rotation of adjacent nano-sized domain of crystal. Such an abrupt formation of a disordered region looks like a local "melting" followed by "quenching" surrounded by the crystalline phases. In many cases, the atoms in such a "hot spot" would rapidly rearrange and recrystallized so as to match its direction to the neighboring crystal domains. But in some cases, icosahedral clusters would form in the "melting" region and they would become embryos of the amorphous phases due to their structural stability against recrystallization. 17) In this scenario, the amorphous phases are likely to form between nanocrystallized regions with different directions and so the icosahedral clusters stay at the boundaries between nanocrystals. We can find a trace of this picture at the boundaries between nanocrystallized regions as shown in Fig. 9 , where the atoms forming the icosahedral clusters are depicted by larger spheres than others.
Conclusion
By performing molecular dynamics simulations of severe plastic deformation processes by extrusion for a simple model of the TiNi system, we have observed that amorphous/ nanocrystalline phases are formed from a single B2 crystal. The calculated dependence of the amount of the amorphous formation on the order of deformation shows a considerable agreement with the experimental observations. We found that partial wedge disclinations forms by the accumulation of edge dislocations prior to nanocrystalline formation. We also found that the formation of icosahedral clusters should play an important role in amorphous formation. The quantitative agreement of the simulation results with the experimental measurements might be somewhat accidental one. However, the atomistic events found in the present simulations such as the formation of wedge disclinations prior to nanocrystal rotation as well as the icosahedral cluster formation should be a universal feature in nanocrystalline/amorphous formation in metallic materials. This type of simulation study may bring important physical insights into materials design. Fig. 9 Icosahedral clusters found in an extruded TiNi specimen of amorphous/nanocrystalline phases. Gray and white spheres denote Ni and Ti atoms, respectively, and the atoms forming the icosahedral clusters are depicted by larger spheres than others.
